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Abstract

The Sea of Marmara is traversed by the North Anatolian Fault system and also presents
abundant emission sites of methane gas into the water column. In order to assess the spatial
relationship between gas emissions and active faults, the distribution of distances between gas
emission sites and the nearest fault is calculated and compared with the distribution of
distances between a uniform random distribution of points (Poisson process representing the
null hypothesis of an absence of relationship between gas emissions and faults) and the
nearest fault. Interestingly, the distance distribution for the Poisson process is nearly
exponential, indicating that the fault map does not have a characteristic scale other than that
representing the intensity of the fault network. The distance distribution for the observed gas
emissions is significantly narrower than that arising from the Poisson process, with a
Kolmogorov distance of 0.25+£0.02. The crossing point between the two distributions defines
the characteristic half-width of the swath of gas emission sites around the mapped active
faults. For the whole Sea of Marmara data set a characteristic half-width of 900-1000 m is
found which matches the half-width of the seafloor deformation zone observed around the
main active fault. When the same analysis is applied to zones covering the Western High and
the Central High it is found that the swath of gas emissions is wider on the Central High (2
km half-width), and not clearly related to the seafloor deformation zone there. This difference

is put in perspective with recent work showing that creep is occurring on the western segment



of the Main Marmara Fault (this also causing microseismicity) while the central Istanbul-
Silivri segment may have remained locked since the 1766 magnitude 7+ earthquake. This
suggests that aseismic slip (and not only earthquake occurrence) effectively maintains high

permeability conduits in fault zones in sediments.

Key words: cold seeps, gas emissions, transform plate boundary, strike-slip fault,

damage zone

1. Introduction

Faults zones are potential conduits for fluid migration and are known to influence the
distribution of fluid emissions (cold seeps) at the seafloor in tectonically active settings (e.g.
Barnes et al., 2010; Bohrmann et al., 2002; Henry et al., 1989; Kobayashi, 2002; Le Pichon et
al., 1992; Moore et al., 1990; Orange et al., 2002; Sibuet et al., 1988; Zitter et al., 2008) as
well as in areas affected by gravity-driven structure generation (e.g. Gay et al., 2007; Loncke
et al., 2004) and mud or salt diapirism (e.g. Chamot-Rooke et al., 2005; Hovland, 2002;
Medialdea et al., 2009). Gas emission sites are known to be self-sealing, with an evolution in
the course of several years to tens of years from continuous bubble emissions, to intermittent
through bacterial mats, to no emission when gas is retained beneath carbonate crusts and
oxidized in the sediment (Hovland, 2002). Moreover, the intensity of fluid emissions
associated with active faults may depend on past seismic activity (or creep) and could thus
provide useful indications for earthquake hazard assessment (Dupré et al., 2015; Geli et al.,
2008). While large scale maps leave little doubt that faults and folds have an influence on the
distribution of manifestations of fluid emissions at the seafloor, detailed studies of the
structural and geomorphological context of seeps conclude that relationships can be complex
at the scale of a few tens to hundreds of meters (Henry et al., 2002; Lallemand et al., 1992).
Seepage mapping efforts first relied on manned submersible dives, camera tracks, and
remotely operated vehicle surveys, making the acquisition of an unbiased representation of
seep distribution a slow and difficult process. This limited the usability of statistical
approaches in studies of relationships between faults and cold seeps. However, Paull et al.
(2005) used a large data set from ROV dives in the Bay of Monterey to show that erosion is
the main factor controlling cold seep distribution there, in spite of the presence of several
seismically active strike-slip faults, and to challenge the view that chemosynthetic
communities need a flux of fluid through the seafloor to thrive. Over the last ten years, our

ability to detect gas emissions in the water column has been greatly improved with modern



multi-beam sounders allowing to routinely log water column echoes (Augustin, 2011). The
water column imagery, previously restricted to small volumes of insonification, commonly
acquired with the use of single beam (Dupré et al. 2014; Greinert et al. 2006; Sund, 1935) and
side scan sonars (Dupré et al. 2010; Klaucke et al. 2006; Merewether et al. 1985), now
beneficiated from large 3D datasets acquired in relatively short periods. For instance, an EM302
multi-beam survey in the Sea of Marmara during Marmesonet cruise of R/V Le Suroit
provided a nearly continuous and uniform coverage of acoustic anomalies in the water
column, indicative of gas emissions at the seafloor (Dupré et al., 2015). These acoustic
anomalies of the Marmesonet dataset are mainly caused by the impedance contrast between the
gas bubbles and the surrounding water. The relatively few anomalies attributed to the contrast
between swim bladders of fishes and surrounding water have been removed. A relationship
appears on the larger scale when the acoustic anomaly map is overlaid on a map of active
faults (Dupré et al., 2015; Sengor et al., 2014) but, again, this relationship is far from being
systematic and appears complex when zooming to the scale of Autonomous Underwater
Vehicle (AUV) surveys and manned submersible observations (Grall et al., this issue).
Moreover, if gas is trapped in sediments (consolidated or not), any avenue to the surface
would trigger seepage and faulting (and indeed jointing) is an excellent way of providing such
avenues.

We here apply a statistical approach to the Sea of Marmara data set to test the
hypothesis of a relationship between seeps and active faults. Key questions are whether the
seep-fault relationship is governed by a characteristic length-scale and, to which extent the
characteristics of the fault network influence the distribution of seeps. We show that segments
of the major faults are associated with a seafloor deformation zone and compare its width
with that of the swaths of gas emissions. While some general conclusions appear reachable,
there are also differences between adjacent fault segments in the Sea of Marmara. We propose
to relate these differences to the locked or creeping behavior of the fault segments, as inferred

from geodetic and seismic studies.

2. Sea of Marmara data sets

The acoustic anomaly detection performed on EM302 data by manual picking (Dupré
et al., 2015) yielded a population of more that 200000 anomaly picks, which includes an
important fraction of redundant picks. Considering that the footprint of the gas plumes is
100+50 m radius taking into account data resolution and uncertainty of manual picking, the

acoustic anomaly picks may be grouped in arbitrary 100 by 100 m zones. Most zones contain



less than 5 picks but some contain several hundreds to several thousand picks. These high
numbers result from analyzing data acquired while the ship was in station or moving very
slowly. In order to keep the exact location of isolated acoustic anomalies while removing
redundant picks; a flexible binning recursive algorithm was applied. For each acoustic
anomaly, anomalies within 50 m distance east and north were replaced with a single data
point having the mean coordinates of the group, and the group was then removed from the list.
This re-sampled population is reduced to about 6500 acoustic anomalies having a minimum
spacing of 50 m (Figure 1).

The acoustic survey coverage is continuous in its central part where data were
acquired on parallel profiles spaced 800 m, but gaps are apparent where tracks are more
widely spaced. The width of the zone where gas plumes can be detected is in general smaller
than the width of the bathymetric swath because the specular reflection on the seafloor near
the center of the swath causes noise on the external beams (Figure 2). The detection depends
on the size of the gas plume size, water depth, and backscatter intensity. As a general rule, gas
plume detection has been effective up to 600£200 m from the ship track. In the following, an
average value of 600 m is retained for the detection range.

The active fault map used (Sengor et al., 2014) is based on a critical review of maps of
the Marmara fault segments (e.g. Armijo et al., 2002; Becel et al., 2010; Carton et al., 2007;
Demirbag et al., 2003; Grall et al. 2012; Imren et al., 2001; Le Pichon et al. 2001; Parke et al.,
2001, 1999; Rangin et al. 2004; Sorlien et al. 2012) using a database of 210 multichannel
seismic as well as high-resolution bathymetry and chirp profiles reported in the literature
(Figure 3). Care was taken to distinguish active faults causing offsets within the recent
sediments and buried faults, which may be interpreted as inactive faults or as blind faults with
uncertain activity (Sengor et al., 2014). In the analysis of relationships between faults and gas
plumes, we only retain the faults classified as active (Figure 4). This fault map was mostly
drawn based on interpretations of multichannel seismic profiles and, in some areas, the fault
drawing is improvable as it could follow more precisely the morphological scarps observed at
the seafloor. However, we consider that this map is accurate enough to evaluate the
relationship between acoustic emissions and faults at the scale of the Sea of Marmara, also

keeping in mind that the acoustic anomaly map has a resolution of = 100 m.

3. Statistical data analysis and results
3.1 Bulk analysis of Sea of Marmara data



The minimum distance to the nearest fault was calculated for each acoustic anomaly in
the Sea of Marmara. For comparison, the null hypothesis of no relationship between cold
seeps and faults may be modeled as a random distribution with uniform probability of
occurrence over the study area (Poisson process). In order to account for the actual coverage
of the acoustic survey, a mask is applied to the random distribution to exclude points located
more than 600 m from the ship track, corresponding to the average half-width of the zone
where acoustic anomalies could be detected (Figure 4B). Hence, in this masked distribution,
ship tracks are apparent where their spacing is more than 1200 m. The minimum distance
distribution for this uniform distribution is calculated using the same algorithm as for the real
data. The resulting minimum distance histograms and cumulative distribution functions are
shown in figures 5 and 6. The mean distance to the nearest fault is 1.38 km for the acoustic
anomalies, and 2.2 km for the random distribution. The medians are respectively 0.72 km and
1.5 km. The medians are thus smaller than the means, and it appears that the distributions do
not follow normal distributions but have larger tails. The mean vs. median ratio is also larger
for the acoustic anomaly distribution than for the random distribution. This is in part because
of an important population of acoustic anomalies at about 6 km from the nearest faults (Figure
5A). Most of those anomalies are along the NW and N edge of the Tekirdag Basin (see
Figures 3 and 4A), and gas emissions align there although no active fault was mapped (Dupré
et al., 2015). Most studies consider that the NW edge of Tekirdag is tectonically active only
near its western end, where a transpressive fault following the basin edge connects with the
main fault (Armijo et al., 2002, Rangin et al., 2004, Grall et al., this issue). Explaining the
concentration of gas seeps further NE along the base of the scarp requires taking into account
the sedimentary structure.

Considering the large size of the populations (more than 6500) and applying, for
instance, a Kolmogorov-Smirnov test, it appears almost certain that the acoustic anomaly
distribution is statistically different from a uniform random one (p-value < 10°®). Faults thus
do influence the distribution of seeps. The Kolmogorov distance is generally defined as the
absolute value of the maximum difference between two cumulative distribution functions. As
the populations are set equal, the difference between the cumulative distributions is maximum
at the crossing point of the histograms (Figure 5), and the area between the histograms
integrated on either side of the crossing point and normalized to the population size is equal to
the Kolmogorov distance. The Kolmogorov distance between the randomly generated and
observed distributions thus provides an indication of the minimum number of acoustic

anomalies that would need to be moved to match the observed distribution with the random



one, and this fraction is 0.25+0.02. This value, however, underestimates the total number of
gas emission sites that are influenced by faults. This is because it can be suspected that a
proportion of seepage sites close to a fault would be physically or chemically influenced by
fluid migration in the fault zone even in the theoretical case when the spatial distribution
would be uniform.

The distribution of minimum distances in the uniform random (null) case is a function
of the properties of the fault network. If faults were parallel and regularly spaced, the
minimum distance distribution would be uniform and range between 0 and half of the distance
between faults, with mean and median distances both equal to ¥ of the distance between
faults. In fact, the distance distribution can be approximated as an exponential (Figure 6). An
exponential nearest neighbor distribution D(d) with parameter 2\ is expected for a 1-D
Poisson point process of intensity A (e.g.: Baddeley, 2007)

D(d)=1-¢?

where D is the probability that the nearest neighbor is at a distance smaller than d from a
given point. A random distribution of parallel faults may be modeled as a 1-D Poisson point
process. In this particular case, the intensity of the fault network (length of fault per surface
area) would also be equal to A and the average spacing between faults would be 1/A. The
parameter of the exponential distribution is 21 = 4.35 10 m™ and matches the 2.2 km mean
distance to faults previously determined for the uniform random distribution. It also matches
the intensity of the fault network (determined independently as length of fault per surface
area), 2+0.5 10 m™ in the survey area. The distribution of minimum distances in the uniform
random (null) case is thus found to be compatible with a 1-D Poisson point process. This
suggests that the fault network drawing used is not strongly correlated spatially, at least in the
100 m to 10 km scale of the data sets, and that its only characteristic length scale 1/ = 4.6 km
may be interpreted as the average spacing between faults. As the faults have a dominant E-W
orientation, it should be understood that this conclusion only applies when examining the
distribution of faults along a N-S transect. Considering now that acoustic anomalies located
closer from a fault than half the average spacing between faults (about 2.2 km) may
hypothetically be influenced by fluid flow along this fault, the maximum fraction of the gas
emissions hypothetically influenced by faults could be as high as 80%.

3.2 Zoned analysis
A bulk analysis of the data set indicates that acoustic emissions are significantly closer
to faults than if they were randomly distributed. Examination of specific zones provides a



clearer view of the length scales involved. In the following we will examine acoustic anomaly
distributions in two zones in the Sea of Mamara (over the Western High and Central High)
and compare them with uniform random distributions generated over the surveyed parts of the
same zones. The partial probability distributions of distances obtained for random uniform
cases are similar in shape to the overall probability distribution (Figure 5). The partial
probability distributions can also be approximated as exponentials with slightly smaller
distance parameters 1/2), about 1.6 km for the Western High box and 2.1 km for the Central
High box. These smaller values are largely due to the clipping of the tail of the distance
distribution by the dimensions of the box. Only the overall cumulative distribution is shown
on Figure 6 for the random uniform case. A large part of the gas emission activity on the
Western High is found in a swath along the Main Marmara Fault (Dupré et al., 2015; Geli et
al., 2008; Zitter et al., 2008). A Western High zone is defined encompassing the Western
High and adjacent areas of the Tekirdag and Central Basins (Figure 4). The distribution of
distance to the nearest fault in this zone is narrower than for the bulk data set, with mean and
median respectively 742 m and 525 m. The distribution is not exponential as the histogram is
flat from O to 600 m and marks a step between 600 m and about 1000 m (Figure 5). This
supports visual interpretations of maps showing that seeps associated with the main active
faults in this area are found in a swath along the faults of 600 to 1000 m (Dupré et al., 2015;
Grall et al., this issue). The square shape of the distribution may also be linked with the
observation that relatively few manifestations of fluid emissions are found on the main fault
trace while minor structures within a broader deformation zone play an important role (Grall
et al., this issue). The same rules and length scales apply to seeps associated with faults in the
deep basins (Tekirdag, Central and Cinarcik basins). The distribution of distance to fault for
acoustic anomalies in the Western High zone is compared with that of the same number of
uniformly distributed points in Figure 5B. The partial probability distributions of distances
obtained In the Western High zone, the crossing point between the distributions is 910 m and
the difference between the observed and random cumulative distribution reaches a maximum
of 0.36+0.03 (the Kolmogorov distance) at this point. We will retain 910 m as defining the
half-width of the swath of seep activity associated with faults in the Western High area. The
fraction of gas emissions within this swath is about 75%.

On the broad topographic high between the Central Basin and the Cinarcik Basin, the
relationship between faults and acoustic emissions is not as clear as on the Western High. It
has been reported that segments of the Main Marmara Fault there have few seeps along their
seafloor trace (Dupré et al., 2015; Géli et al., 2008). Our analysis shows the distribution of



distance to the nearest fault is broader than for the whole Marmara dataset (Figure 5C and 6),
with mean and median values respectively 1.3 and 1.0 km. The observed distribution does not
follow an exponential distribution and the difference between the observed and random
cumulative distribution functions reaches a maximum of 0.22 at 2080 m (the Kolmogorov
distance is thus 0.22+4)(Figure 6). The distance histogram shows a first step at 1200 m and a
larger one at 2000-2100 m (Figure 5c). The first step could correspond, like in the Western
High zone, to swaths of acoustic emission along active faults. These for instance are observed
on fault segments between the Central Basin and the Kumburgaz Basin. The second step is in
part caused by the intense activity in the Central High summit area, a broad antiform hosting
widespread gas emission between the fault zone and 2 km southward (Figure 4) (Dupré et al.,
2015; Grall et al., this issue). Gas emissions distributed on the slopes, which could be related
to widespread slope creep (Shillington et al., 2012; Zitter et al., 2012), are observed at even
larger distances. The statistical analysis confirms that the relationship between seeps and
faults is less well defined there than in other parts of the Sea of Marmara. On the Central High,
the swath of gas emissions along active faults appears broader, about 2 km half-width, and
more than 80% of the seeps are found in these broad swaths. However, the distance to the
nearest fault is here a weak criterion as the mean distance to the nearest faults for a random
distribution of points, which we showed also relates with the intensity of the fault network, is
also about 2 km in this zone. Consequently, it appears difficult to evaluate which portion of
gas emissions in the Central High zone should be attributed to migration within fault zones

rather than indirect effects (e.g. folding and slope instability).

4. Seafloor deformation zones around the Main Marmara Fault and their relationship
with gas emissions.

High-resolution bathymetric data (2 m gridded maps) acquired around fault zones
indicate that a zone of deformation is generally present around the main faults featuring
smaller scale faults such as Riedel shears and en-echelon normal faults, folds, and small
basins, indicating that some amount of deformation is distributed around the main fault traces
(Grall et al., this issue). In the following, seafloor deformation zone will designate a zone
associated with an active fault (possibly blind) where geomorphological indicators of strain
are observed at the seafloor, that may include small folds and basins, scarps associated with
small faults, and slope instabilities. The shear zone term will be used more specifically when
structural evidence for shearing is found (e.g. Reidel shears or en-echelon faults). The damage
zone term will be used with its generally accepted definition as a zone of brittle deformation



developing around principal fault planes as a consequence of fault growth, fault slip or fault
interaction (Chester and Logan, 1986; Faulkner and Mitchell, 2011; Kim et al., 2004; Savage
and Brodsky, 2011; Shipton and Cowie, 2001). We here display three examples of seafloor
deformation zones, from the northern scarp of the Cinarcik Basin, the Western High, and the
Central High (Figure 7). The maps of seafloor fault scarps shown here are based on
Marmesonet AUV bathymetry (Géli et al., 2009) and supported by sediment sounder profiles,
videos from manned submersible and ROV dives (Armijo et al., 2005; Grall et al., this issue;
Zitter et al., 2012, 2008) and, on the Western High, by 3D high-resolution seismic data (Grall,
2013; Thomas et al., 2012). More detailed descriptions of the structural context of seepage
sites are found in Grall et al. (this issue).

Along the Cinarcik Basin northern scarp, seafloor deformation is confined within a 1
to 3 km wide bench between the basin floor to the south and the base of a cliff of Paleozoic
sedimentary rocks. The base of the cliff is fault controlled, but this fault branch may not be
currently active (Henry et al., 2007; Zitter et al., 2012). The lower slope break at the basin
edge is mapped as the main fault scarp at the larger scale but in fact is generally not
coincident with a seafloor rupture. Most seafloor ruptures are found in a 500m to 1 km wide
transtensional shear zone running along the edge of the bench with geometry interpretable in
term of R1-shears, P-shears, en-echelon normal faults, and cusped slump scars (Figure 7B).
Gas emissions are mostly found within this shear zone as well as near the bottom of the cliff,
where the presence of high permeability scree is suspected (Zitter et al., 2012). No anomalies
are found in the basin side. This may be explained by the very high sedimentation rate (more
than 3 mm/yr; Seeber et al., 2004), which could act against the development of brittle
fractures in shallow sediments (see section 5). Sedimentation rates are of the same order in the
depocenters of Tekirdag Basin, Central Basin and Kumburgaz Basin (Grall et al., 2012; Zitter
et al., 2012) where vents are absent or rare (Dupré et al., 2015; Grall et al., this issue).

On the Western High, the morphological expression of the Main Marmara Fault
(MMF) is expressed as a nearly continuous fault scarp. Subsidiary fault systems include sets
of Riedel R1-shears crossing a pull apart-basin where the main fault marks a releasing 800 m
step-over, and an array of normal faults extending from the summit of a fault parallel anticline
500-800 m south of the fault to about 1.5 km north in a zone also affected by NE-SW en-
echelon folds and mud diapirism (Thomas et al., 2012) (Figure 7C). Strike-slip subsidiary
faults, sub-parallel to the MMF, are also observed near the eastern edge of the survey area.
Buried strike-slip faults 1-1.5 km south of the main active branch follow the southern side of

the fault parallel anticline. They may not be active today. Normal faults found further south



have a completely different orientation than those within the MMF deformation zone. That
orientation is only compatible with slope-driven stresses. Most of the gas seeps are found
within the zone of deformation of the MMF or near the top of topographic highs (or folds).
The most active zone is associated with a mud injected NE-SW anticline north of the fault
(near x=9 km) (Thomas et al., 2012; Tryon et al., 2012).

In the Central High area, although the fault valley crossing the topographic high is also
obvious on the larger scale, fault scarps do not appear as sharp as on the Western High.
Around the high point, three parallel slightly undulating valleys spaced =300 m may be
interpreted as en-echelon Reidel shears, defining a < 1 km-wide principal shear zone (Figure
7D). The slopes are affected by creeping resulting in wavy morphology (Shillington et al.,
2012; Zitter et al., 2012). The wave pattern is marked by lineaments suggesting incipient
shearing up to 1.5 km south and north of the principal shear zone. Gas emissions are
surprisingly few in the principal shear zone but concentrate on the top of the anticline and
along some of the lineaments. Gas emissions are also focused along the edge of the
Kumburgaz basin to the west, which does not correspond to an active fault but to a
sedimentary discontinuity (Grall et al., this issue).

These examples show that it is often possible to define a seafloor deformation zone,
typically of a kilometer half-width, around the MMF. Gas emissions are in large part related
to these deformation zones but their distribution also depends on the context. As indicated by
the statistical analysis, the width of the deformation zones appears to match that of the swath
of acoustic anomalies on the Western High and along (active) basin edges, but again, the
Central High displays a different behavior.

5. Interpretation and discussion
5.1. Width of deformation zones around faults.

The analysis of the Sea of Marmara data set shows that gas emissions are relatively
more abundant around fault zones in a swath of 900 to 2 km half-width and this can be
considered as a general indication of a higher permeability around faults. Fault permeability is
generally ascribed to the presence of a fracture damage zone (e.g.: Caine et al., 1996;
Faulkner et al., 2010). For crustal faults, the width of the damage zone scales with
displacement so that the maximum width of the damage zone is of the same order as the total
displacement, but this relationship saturates for displacements of more than about 2 km and
the total width of the damage zone generally remains less than 1 km wide for larger
displacements (Faulkner and Mitchell, 2011; Savage and Brodsky, 2011). Offset of
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Cretaceous structures across the Northern Branch of the North Anatolian Fault has been
claimed to be 52 km +1 km east of the Sea of Marmara (Akbayram et al., 2016b) but part of
this offset should have occurred in a post-collisional context, before the initiation of the North
Anatolian Fault system during the Late Miocene (Akbayram et al., 2016a; Sengo6r, 1979).
Several fault branches in the Marmara area have been localizing strain, and evolving, since
the Pliocene (Le Pichon et al., 2014, 2015; Sengor et al., 2014) and most segments of the
Main Marmara Fault (MMF) are probably younger than 2-2.5 Ma (Grall et al., 2012; Le
Pichon et al., 2015) and, hence, cumulative displacement at the seafloor is smaller. However,
displacement on the MMF may be at least 7 km (Grall et al., 2013) and any displacement
larger than 2 km is expected to be associated with a fracture damage zone width of several
hundred to a maximum of 1 km width.

The swath of acoustic anomalies and seafloor deformation zones associated with
major faults thus appears generally wider than the fracture damage zone width observed at
crustal level for a mature fault zone. A widely accepted geological explanation would be to
consider that the seafloor free surface promotes the development of flower structures
wherever geometrical asperities cause compressional or extensional stress (e.g. Harding,
1985) thus causing a broadening toward the seafloor of the deformation zone. Numerical
models incorporating damage rheology also well account for the development of flower
structures (Finzi et al., 2009). However, the question of its scale remains. In analog models of
transform faults under pure strike-slip the width of the principal shear zone (in this case
dominated by early en-echelon Riedel shears and later P-shears) represent about % of the
thickness of the layer of granular material used to represent the brittle crust and it broadens
(up to a factor of 2 or 3) and becomes more complex when a regional component of
transtension is introduced (Smit et al., 2010; Wu et al., 2009). The deformation zone also
broadens at compressional and extensional stepovers (McClay and Bonora, 2001; Wu et al.,
2009) but the presence of a ductile layer does not necessarily result in further broadening of
the deformation zone (Smit et al., 2008). Moreover, numerical models incorporating damage
rheology with parameters representative of crustal behavior predict flower structures about 10
km wide and extending to more than 5 km depth (Finzi et al. 2009). In the Sea of Marmara,
flower structures have been described at crustal scale, involving tilted blocks, in the Eastern
Sea of Marmara (Becel et al., 2010), and at the basin scale (Rangin et al., 2004). For instance,
the transpressional active fault system affecting the Western High (Imren et al., 2001) and the
transtensional system determining the present-day subsidence of the central basin (Grall et al.,
2012) could be interpreted as flower structures that formed within the sedimentary cover. The

11



sedimentary cover is here 5 to 7 km thick, comprising syn-kinematic basin fill as well as,
probably, Eocene-Oligocene sediments (Bayrakci et al, 2013; Kende et al., 2017). The
deformation zones we observed at the seafloor around the MMF, and which appear to
influence the distribution of fluid emissions, are typically narrower.

The deformation processes occurring around faults at crustal level may, however,
differ from within the sediment fill of a rapidly subsiding basin and, hypothetically, the width
of the seafloor deformation zones may be controlled by the thickness of the layer of high-
porosity sediment (range 70-35 %) undergoing mechanical compaction. Assuming damage
rheology could also be applied to this layer, it would probably require taking into account a
gradient in elastic moduli as well as different damage and healing parameters than for crustal
scale models. Moreover, this layer has a distinct rheology, which may be described with soil
mechanics models coupling stress state, porosity variations, and strain. The mechanical
transition with depth occurs in the 1000-t0-3000 m range in fine-grained siliciclastic
sediments but is progressive and will depend on the porosity gradient in the sediment and on
its stress history (Karig and Ask, 2003; Pouya et al., 1998). In this layer, rupture will occur for
relatively higher strains than for consolidated rocks, and in models of continuous damage
zone growth driven by asperity interaction, this could result in later development of secondary
faults and continued linear damage zone growth proportional to displacement (beyond the
~150 m scale inferred to be the threshold; Savage et al., 2011). In this layer, shear strain will
also promote compaction and fluid expulsion and cause strain hardening, making this layer
less strain localizing than rocks found at deeper levels, and this will also favor a broadening
toward the seafloor of the fault shear zone. Such processes have also been invoked to explain
the formation of mélanges in subduction zones (e.g.: Moore and Byrne, 1987). Coexistence of
brittle fracturing and porosity loss in fault zones in fine grained sediments is commonly
observed and (within the framework of soil mechanics) could result from strain applied
successively on loading and unloading stress paths and/or fluid pressure cycling (e.g.:
Bourlange et al., 2003; Conin et al., 2014). Bifurcation theory applied to strain localization
also opens the possibility that a dilatant (hence more permeable) structure could form in a
compacting material, depending on rheology and stress conditions (Bezuelle et al., 2001).
These various processes can help explain how faults remain conduits for fluids in compacting
fine-grained sediments, but it may be hypothesized that the efficiency of fluid channeling in
fault damage zones decreases toward the seafloor. However, fracturing can still occur at very
shallow depths. Joint sets and tension gashes are observed even in high porosity marine
sediments and these often control the geometry and orientation of elongated zones of seepage
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(e.g. Henry et al., 2002). Moreover, authigenic carbonate crusts forming at fluid emission
sites favor crack development at the seafloor (Kobayashi, 2002). In the following we examine
evidence from the Sea of Marmara that tensile cracks are providing pathways to gas in the last
few tens of meters below the seafloor, and that those are not always associated with well-
developed carbonate crusts.

5.2 Gas migration pathways in shallow sediments

Gas occurrence at a shallow depth in the Sea of Marmara sediment is widespread.
Consequently, the presence of gas emissions within a deformation zone is not a demonstration
that fluids migrate along the deeper part of the fault zone. Geochemical evidence may be
considered more demonstrative and it shows that the expulsion of deep originated fluids tends
to be focused at specific locations (fault intersections, anticline top, mud diapir or conduit)
(Burnard et al., 2012; Ruffine et al., 2017; Tryon et al.,, 2010). However, there is no
systematic relationship between gas composition and proximity to fault zones. For instance,
thermogenic methane dominates fluid emissions over the top of the Central High and within
the MMF deformation zone in the Western High (Bourry et al., 2008; Cagatay et al., 2017,
Ruffine et al., 2017) but we showed that the distributions of seepages have different
characteristics at both locations (broad leakage zone over an anticline vs. 2 km wide swath
along the main fault). Close examination of the relationship between faults and gas emissions
within seafloor deformation zones also shows that even at the 10-100 m scale of AUV maps
and submersible observations (Figure 7 and Grall et al., this issue), many acoustic anomalies
are not located on the outcrops of small faults. On the structural highs as well as in the
peripheral parts of basins, gas present in the lacustrine sediments influences acoustic
reflectivity and backscatter and disturbs the imaging of sedimentary layering with chirp
sounder profiles, even in zones far away from the main faults (Zitter et al., 2012). Thin layers
of sand tend to collect gas at high points resulting in high reflectivity patches in high
resolution seismic profiles (e.g. Thomas et al., 2012). However, capillary effects limit upward
migration of gas from these local accumulations, and, in order to reach the seafloor, the gas
must traverse fine-grained sediments through fractures, a process that depends on local stress
state and gas capillary pressure (e.g. Henry et al., 1999). The gas habits and migration
processes in shallow sediments are further supported by observations on cores. Lacustrine
sediments in the Sea of Marmara usually contain monosulfide accumulations, that form as a
result of sulfate reduction and methane oxidation within the sediment, which typically occurs
in the Sea of Marmara at depths ranging from the near seafloor to a maximum of 10 m depth
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(Ruffine et al., 2017; Tryon et al., 2010). Monosulfides may be found below as patches,
within silty or sandy laminae, within ash layers, but also frequently in cracks. The larger
accumulations cause magnetic susceptibility anomalies in the core logs (Figure 8), as most
monosulfides (like Pyrrhotite) are antiferromagnetic or ferromagnetic while pure FeS
(Troilite) and FeS; (Pyrite) are paramagnetic. Those monosulfides are sometime associated
with calcite. Monosulfides do not survive oxidation when the core is exposed to air but can be
observed immediately after the core is opened. The core shown (Core MRS-CS22) is located
on the Western High but is not closely associated with a fault outcrop or currently active
seepage. Gas was probably no longer present in the cracks and sedimentary layers at the time
of coring, as gas expansion would have damaged the core. However, the presence of
monosulfides, or of their oxidation products, suggests laminae and cracks have contained
methane. A large crack containing monosulfides has been observed at about 8 m below core
surface, and likely provided a pathway for methane gas ascending toward the sulfate-methane
reaction zone (Figure 8). The accumulation of dark sulfidic material around the crack upper
tip is an indication that gas once contained in this crack diffused into the sediment to react
with pore water sulfate. In the core section immediately below, small vertical cracks 1 to 3 cm
in diameter with a brown iron hydroxide lining are found (Figure 9). These cracks have a
preferred orientation within the core, which is presumably controlled by the orientation of the
minimum stress and could constitute a pathway for fluid migration if they form a connected
network. In the section shown (Figure 9), fractures are probably connected as, after sampling,
oxygen made its way to the center of the core along the fractures while sulfide patches in the
mud remained in their reduced state. It follows from these observations that the migration of
gas in the last tens of meters of sediment will depend on the growth and coalescence of gas
bearing cracks and will thus be sensitive to variations of gas pressure, stress and strain rate.
The passing of seismic waves, stress variations before and after an earthquake as well as
processes acting on a longer time scale such as folding and slope instability, or shallow
distributed strain resulting from slip occurring at depths along a fault (Figure 10) may all
contribute to crack growth and coalescence, and to increase the permeability of shallow

sediment to gas.

5.3 Regional variability of seep distribution and fault seismic and aseismic slip

Seafloor deformation zones around the MMF and its branches are the main loci of gas
emission through the seafloor on the Western High, and are also important ones in the basins,
but their role do not appear as prominent on the Central High. In the Sea of Marmara deep
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basins, buoyancy forces and sediment layering dips drive gas away from the depocenters
toward the edges (Grall et al., this issue) resulting in focused fluid expulsion along these
edges, even where no major active fault is mapped (e.g. N Tekirdag, and SE Kumburgaz).
The difference observed between Central High and Western High requires another
explanation. A longer time lapse since the last earthquake was proposed as a possible
explanation (Geli et al., 2008) but recent studies also suggest the Main Marmara Fault has a
deep creep component on the Western High, but not on the Central High (Bohnoff et al., 2017,
2013; Sakic et al., 2016; Schmittbuhl et al., 2016a and b; Yamamoto et al., 2016). Land GPS
data indicate that the central part of the Main Marmara fault is not fully locked (Ergintav et al.,
2014; Klein et al., 2017) but do not have today the resolution needed for an accurate
determination of the distribution of interseismic loading rates vs aseisimic slip rates on the
offshore fault (Klein et al., 2017). The Western High and the Central Basin area have a higher
level of background seismicity that the adjacent Ganos segment on land and Istanbul-Silivri
segment across the Central High, which may be an indication in favor of a component of deep
creep (Schmittbuhl et al., 2016a). Observation of repeating small earthquakes bring further
evidence in favor of creeping fault patches beneath the Western High and the Central Basin
(Bohnhoff et al., 2017; Schmittbuhl et al., 2016b). These seismological studies do not
constrain well the location (depth) and size of these patches but evaluate the fraction of the
long-term fault slip rate currently accommodated by aseismic creep at about 25% for the
Western High patch (Bohnhoff et al., 2017) and between 75% and 100% for the Central Basin
patch (Bohnhoff et al., 2017; Schmittbuhl et al., 2016b). Furthermore, preliminary results
from an acoustic ranging experiment performed on the MMF on the Western High indicated
aseismic creep rate at the seafloor of 9-16 mm/yr from 18 months of data (Yamamoto et al.,
2016). On the other hand, there is no indication than the MMF is creeping in the Central High
and Kumburgaz Basin: microseismicity is very low and a similar acoustic ranging experiment
set across the main fault trace could not detect creep (Sakic et al., 2016). The latest major
earthquake on the Central High presumably occurred in 1766, with magnitude Ms =~ 7.1
(Ambraseis, 2002; Parsons et al., 2004; Pondard et al., 2007), which may have left enough
time for pathways within the fault deformation zone to self-seal (Hovland, 2002).

One should not exclude that ground shaking caused by moderate seismicity (involving
magnitude 4 to 5 earthquakes) could also contribute to keep the upper layers of sediment
more permeable in the Western High area than on the Central High. However, the radius of
the zone where an earthquake is empirically found to influence fluid emission by various
mechanisms (e.g. liquefaction, permeability change) is several km for magnitude 4, 10-20 km
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for magnitude 5 (Manga et al., 2009; Wang, 2007; Wang and Manga, 2010). This could result
in enhanced fluid emission on the Western High as a whole but would not explain the
focusing of fluid emissions within the deformation zone. Moreover, acoustic surveys in 2009
(Marmesonet cruise with R.V. Le Suroit) and 2014 (Marsite cruise with R.V. Pourquoi pas ?)
did not show obvious variations in the pattern of gas emission between one year before and 3
years after a Mw 5.1 earthquake, which occurred in the Western High area on July 25, 2011.
After the 1999 Kocali-lzmit earthquake, an increase of gas emission fluxes was observed
(Alpar et al., 1999; Kuscu et al., 2005), but the evolution with time of the post-earthquake gas
emission fluxes was not closely monitored, leaving little information on the time needed for
the perturbed gas emission system to recover. This leaves open the possibility that gas fluxes
are influenced not only by earthquakes, but also, as we suggest, by on-going aseismic
deformation of the sediments.

The conceptual model we propose distinguishes gas migration pathways controlled by
sedimentary structure and gas migration along faults (Figure 11). Updip migration along
permeable strata will result in gas migration toward the edges of the basins and its
accumulation in anticlines and at sedimentary discontinuities (sediment-basement contact and
intra-sediment onlaps). Gas is eventually expelled along anticlines through extensional
structures or along basin edges. This pattern will be observed if faults do not have high
permeability, which may be the case during the interseismic period if faults are locked. It can
be suggested that this is the current state in the Central High zone. After an earthquake,
permeability increase in the ruptured fault enables focused fluid migration through the fault
zone and a transient redistribution of gas emission sites at the seafloor. If fault creep also
enhances permeability, permanent fluid expulsion through creeping fault zones could occur,
following a similar pattern as for post-seismic fluid flow. It can be suggested that this is the

case for the Western High zone.

6. Conclusion

Faults clearly influence the distribution of gas emission through the seafloor in the Sea
of Marmara and a majority of gas emissions in the Sea of Marmara are located within less
than 750 m from an active fault. However, about 20% of the gas emissions are too far from
any active faults to be influenced by fluid migration in fault zones. On the other hand, high-
resolution seafloor mapping shows a seafloor deformation zone around the main active fault
segments (Grall et al., this issue). The half width of the seafloor deformation zone is also
about 1 km, which makes it broader than the typical damage zone of a crustal fault, but
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narrower than crustal or basin scale flower structures. We suspect this deformation zone
results from the broadening within high porosity fined-grained sediments in the first 1 to 3 km
below the seafloor of the damage zone associated with crustal faults. We also show that gas
migrates through shallow sediments in fracture networks. In the Sea of Marmara, these
processes apparently result in a higher permeability of sediment to gas in a = 2 km swath
around major faults. The general applicability of these results to other transform faults or to
faults in other tectonic settings remains to be assessed. It also remains unclear how the
distance distribution would be changed if more detailed maps including smaller scale faults
would be used. Assuming small faults are not evenly distributed but mostly located within the
seafloor deformation zone of larger faults, the shape of the distance distribution should be
similar for distances larger than the half-width of the deformation zones but should differ for
shorter distances.

In the Sea of Marmara fluid emissions tend to be more focused around faults in the
basins and on the Western High where the half-width of the gas emission swaths is less than 1
km, than on the Central High, where it is about 2 km. Recent studies in seismology and
geodesy suggest that the Western High segment of the Main Marmara fault is creeping at
about ¥2 of plate velocity, possibly even more (this causing important microseismicity), while
the Central High segment is apparently locked. It can be proposed that steady creep is
maintaining a higher permeability in the MMF seafloor deformation zone across the Western
High, while the Central High MMF seafloor deformation zone has self-sealed since the last
major earthquake that affected this segment, presumably in 1766. However, interpreting the
spatial distribution of fluid emissions in term of fault seismic or aseismic behavior remains
generally uncertain. Monitoring of fluid emissions is sometime proposed as a possible way to
help anticipate earthquakes. Monitoring of gas emissions after earthquakes, including
moderate ones, and a rapid response approach, may be easier to implement at first and will
yield useful information on the coupling between fluid migration and strain in fault zones and

on characteristic times involved in the healing of fractures and faults.
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Figure 1: Bathymetric map of the Sea of Marmara, multi-beam survey tracks acquired during
Marmesonet 2009 and water column acoustic anomalies interpreted as gas plumes (red dots)
(Dupré et al., 2015). Tracks in the central part of the survey are spaced 800 m and the
detection range of the gas plumes in the water column is 600£200 m.

Figure 2: Simrad EM302 multi-beam echo sounder data acquired during Marmesonet 2009
cruise (R/V Le Suroit). The figure was prepared with Globe software (developed by Ifremer)
and displays 3D bathymetry of the Sea of Marmara western high and an example of water
column polar echogram. The polar echogram shows two plumes of gas bubbles emitted from
the seafloor at 600 m water depth, from the top of a ridge located about 600 m south of the
Main Marmara Fault. The noise on the external beams here limit the maximum range of gas

plume detection to about 500 m.

Figure 3: Tectonic map of the Sea of Marmara, based on a compilation by Sengér et al.
(2014). Confirmed active fault traces are indicated in red, blind or inactive faults are indicated
in dark grey. The Main Marmara Fault (MMF), indicated as a thick semi-transparent line,
takes up 2/3 to 3/4 of the 24 mm/yr right lateral plate motion between Anatolia and Eurasia
(Le Pichon et al., 2001, 2015; Kurt et al., 2013; Grall et al., 2013). The last significant
earthquake ruptures on the Ganos, Istanbul, Prince Islands and Izmit segment are indicated
based on interpretations of historical records (Ambraseis, 2002; Parsons, 2004; Pondard et al.,
2007). Slow slip (creep) is suspected on the segment extending from Tekirdag Basin to the
Central Basin (Schmittbuhl et al., 2016a, 2016b; Yamamoto et al., 2016; Bohnhoff et al.,
2017; Klein et al., 2017). Location of core MRS-CS22 (Figure 8 and 9) is indicated.

Figure 4: Distribution with respect to active faults of (A) acoustic anomalies indicative of gas
emission sites; (B) random distribution generated with uniform probability within the zone
covered by the multi-beam water column survey. Ship tracks are visible in this random
uniform distribution where ship track spacing is wider than the nominal width of the acoustic
survey swaths (taken equal to 1200 m, see text). The Western High (WH) and Central High

(CH) zone boxes are shown.

Figure 5: Histograms of minimum distance between observed acoustic anomalies and faults

(empty bars with black outline) and between uniformly distributed points within the surveyed
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zone and faults (blue histogram) for the whole Sea of Marmara, and for the Western High
(WH) and Central High (CH) zones indicated in Figure 1.

Figure 6: Cumulative distribution function of minimum distance to faults for a uniform
random distribution generated over the domain covered (black) and for the observed acoustic
anomaly distributions over the domain covered (magenta), over the Central High zone (blue)
and over the Western High zone (red). Exponential fits of the cumulative distributions are

indicated as dashed lines

Figure 7: Fault and acoustic anomaly maps. (A): General fault map after Sengor et al. (2014)
with location of AUV survey; confirmed active faults are indicated in red, blind or inactive
faults are indicated in black. (B), (C) and (D): detailed maps of the seafloor deformation zone
around the Main Marmara Fault based on AUV mapping (Grall et al., this issue) and acoustic
anomalies (in blue) (Dupré et al., 2015). Faults scraps are indicated in red; fold axes and
gravity driven deformation (slump scars and waves) in black. (B) Cinarcik Basin, dashed red
line is a presumed inactive fault trace along the base of the cliff (see text); (C) Western High,

dashed red lines are buried faults, presumably inactive today; (D) Central High.

Figure 8: Probable gas migration pathway in core MRS-CS22 (see location in Figure 3). The
black vein in the core is a 60 cm long fracture with iron monosulfide fill. The section at 55 cm
(8.04 m from core top) shows that the structure is planar. The iron monosulfides cause a large
magnetic susceptibility anomaly that does not relate with sedimentary layering. The upper tip
of the crack is surrounded with a black halo formed by methane diffusion into the sediment

and reaction with sulfate present in the pore water.

Figure 9: Sub-parallel small cracks observed in core MRS-CS22 (see location in Figure 3) at
9 m depth (section 10). The cracks originally contained iron monosulfides that were oxidized
to iron hydroxides (brown color) while the core was stored, before opening and splitting.
Most of the monosulfides patches within the mud in this section were not oxidized. The
cracks have a 1-3 cm size and the initial presence of monosulfides suggests they hosted
methane. The cracks here shown are inferred form a connected network as they allowed

oxygen entry from the edges of the core.
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Figure 10: Schematic diagrams representing processes of gas migration through tensile cracks
in shallow sediments opening as a consequence of (A) tensile state of stress at the seafloor
along an anticline crest and associated with slope instabilities (B) opening of cracks parallel to
the maximum principal stress associated with buried slip along a fault. Preferential crack
orientation leads to gas expulsion at the seafloor forming parallel curtains of bubbles, as
observed during submersible dives in Cinarcik Basin (Grall et al., this issue; Henry et al.,
2007).

Figure 11: Conceptual model of fluid migration in a strike-slip fault system. The generic
structure shown includes an anticline, a basin scale negative flower structure, and fracture
damage zones that broaden toward the seafloor forming kilometer scale deformation zones
around the main faults. Blue arrows indicate gas migration pathways determined by sediment
layering and the blue curve represents the distribution of gas emissions at the seafloor
resulting from migration along these pathways, assuming fault zones are not influencing gas
migration. It can be suggested that the Central High zone is in this condition. Red arrows
represent fluid migration in permeable fault zones and the red curve the distribution of gas
emissions when faults are channeling fluids, enhancing fluid emission at the seafloor in
swaths about 2 km wide. It can be suggested that the Western High zone is in this condition.
Observations in the Sea of Marmara suggest that fault creep effectively maintains a high

permeability in fault zones, while inter-seismically locked faults self-seal in 200 years at most.
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